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The present study compared young and older adults on behavioral and neural correlates
of three attentional networks (alerting, orienting, and executive control). Nineteen young
and 16 older neurologically-healthy adults completed the Attention Network Test (ANT)
while behavioral data (reaction time and error rates) and 64-channel event-related
potentials (ERPs) were acquired. Significant age-related RT differences were observed
across all three networks; however, after controlling for generalized slowing, only the
alerting network remained significantly reduced in older compared with young adults.
ERP data revealed that alerting cues led to enhanced posterior N1 responses for
subsequent attentional targets in young adults, but this effect was weakened in older
adults. As a result, it appears that older adults did not benefit fully from alerting cues,
and their lack of subsequent attentional enhancements may compromise their ability to
be as responsive and flexible as their younger counterparts. N1 alerting deficits were
associated with several key neuropsychological tests of attention that were difficult for
older adults. Orienting and executive attention networks were largely similar between
groups. Taken together, older adults demonstrated behavioral and neural alterations
in alerting, however, they appeared to compensate for this reduction, as they did not
significantly differ in their abilities to use spatially informative cues to aid performance
(e.g., orienting), or successfully resolve response conflict (e.g., executive control). These
results have important implications for understanding the mechanisms of age-related
changes in attentional networks.
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INTRODUCTION
Intact attentional processes are vital for goal-directed behavior, as they guide the allocation
of cognitive resources in accordance with changing environmental demands. Research
from the past several decades has proposed that attention is comprised of dissociable yet
interrelated anatomical and functional neural networks responsible for alerting, orienting, and
executive control (Posner and Peterson, 1990; Posner and Fan, 2004). The alerting system helps
Frontiers in Aging Neuroscience | www.frontiersin.org 1 May 2016 | Volume 8 | Article 99
Kaufman et al. Age and Attention Networks
us to achieve and sustain an alert state (Fernandez-Duque
and Posner, 1997), which is thought to facilitate response
preparation via enhanced early attentional processing. The
orienting system functions to select information from sensory
input, and through spatial cuing, can be manipulated to
covertly direct attention (Posner, 1980; Fan et al., 2002).
Lastly, executive control of attention encompasses higher-order
cognitive processes needed to resolve conflict associated with
the need to override a prepotent, but contextually inappropriate
response (Fan et al., 2002). These executive operations are
particularly crucial when situations are novel or difficult, and
require response monitoring or inhibition of strong prepotent
response tendencies (Fan and Posner, 2004).
In order to probe these different attentional networks, Fan
et al. (2002) developed a single-trial computerized task known as
the Attention Network Test (ANT). The ANT combines aspects
of Posner and Peterson (1990) spatial cuing task with features of
the Eriksen Flanker task (Eriksen and Eriksen, 1974), such that
target flankers are spatially and/or temporally cued. Moreover,
the ANT has been used to characterize the three attentional
networks in studies employing behavioral (e.g., Fan et al., 2002),
electrophysiological (e.g., Fan et al., 2007; Neuhaus et al., 2007),
and hemodynamic (e.g., Fan et al., 2005; Posner et al., 2006)
methodologies. Despite the popularity of this task, cautions have
been raised about its psychometric properties. A large meta-
analysis found poor split-half reliabilities within alerting and
orienting network effects, along with significant inter-network
correlations between the various networks (MacLeod et al.,
2010). Accordingly, these attentional networks may not be as
reliable or independent as initially thought, and it is important
for researchers to document these psychometric properties when
reporting individual study findings.
Several studies have used the ANT to examine how attentional
networks are affected by aging processes; however, findings have
been mixed. After controlling for the effects of generalized
cognitive slowing, older adults have demonstrated weakened
alerting effects, relative to younger adults (Jennings et al.,
2007; Gamboz et al., 2010). In contrast, when longer cue
presentation was employed, Fernandez-Duque and Black
(2006) found a significantly larger alerting effect in older
compared to young adults. Recent findings did not reveal
significantly differing orienting effects between young and
older adults (Jennings et al., 2007), a result consistent with
prior literature that spatial cueing benefits older adults
as much as young adults (Hartley et al., 1990; Folk and
Hoyer, 1992; Greenwood et al., 1993). Regarding executive
control, no significant conflict-related effects have been
observed in several studies comparing older and young
adults (Fernandez-Duque and Black, 2006; Jennings et al.,
2007). In contrast, a more recent study suggests age-
related changes may occur in the executive control network
(Zhou et al., 2011). Taken together, it remains unclear
whether age-related attentional declines may be confounded
by cognitive slowing (Verhaeghen and De Meersman,
1998; Verhaeghen and Cerella, 2002), or other cognitive
disruptions beyond slowed speed of information processing
(Hartley, 1993).
Electrophysiological methodologies have provided further
insight about the underlying neural mechanisms of attentional
networks. In particular, studies of attentional processes (e.g.,
Fan et al., 2007; Neuhaus et al., 2007, 2010) have employed
scalp-recorded brain event-related potentials (ERPs), which
provide unmatched temporal sensitivity for examining neural
correlates. Despite recent electrophysiological investigations,
the alerting network has received the least focus of the
three attentional networks in the literature. With the goal of
examining effects of alerting cues on subsequent attentional
processing, one study reported significant increases in N1
amplitude evoked by targets that followed alerting cues (Neuhaus
et al., 2010). This posterior N1 component is believed to
reflect early attentional facilitation of target processing, which
is enhanced by valid cues that reliably predict target location
(Hillyard et al., 1998).
With respect to orienting of visual attention, researchers
have also observed increased amplitude of posterior negativity
beginning approximately 100 ms following validly cued target
stimuli (Harter et al., 1989; Hopf andMangun, 2000; Nobre et al.,
2000; Talsma et al., 2005). These results have been replicated
using the ANT (Neuhaus et al., 2010), and are presumed to reflect
the successful shift of selective visual attention from one stimuli
to another in response to validly cued stimuli (Mangun, 1995;
Hillyard et al., 1998). Neuroimaging findings suggest activation
within a dorsal fronto-parietal network is strongly associated
with orienting of attention (e.g., Fan et al., 2005).
Executive aspects of attention can be measured many
different ways, with researchers typically targeting higher-
order cognitive processes involved in conflict processing,
inhibition, or decision-making. One method that has been
frequently studied is the flanker task, in which compatibility of
stimuli surrounding target stimuli is manipulated to vary the
level of response inhibition needed. ERP investigations using
the ANT in healthy young adults have revealed attenuation
of posterior positivity following incongruent target stimuli
(Neuhaus et al., 2007, 2010). Although the P300 is commonly
observed in paradigms that probe attentional resource allocation
(see Polich, 2007), it is also susceptible to conflict effects.
For example, incongruent Stroop stimuli have been associated
with negative deflections occurring during the P300 response
time window (approximately 450 ms following stimulus
onset). Although these conflict-sensitive N450 components
have been shown to exhibit a more frontocentral scalp
distribution (van Veen and Carter, 2002; Larson et al., 2009),
cognitive/response conflict also appears to affect the more
parietal-maximal P300. Consistent with the literature on the
N450 component, these negative deflections during the P300
likely reflect anterior cingulate cortex (ACC) mediated conflict-
resolution associated with the inhibition of a strong pre-potent
response tendency (Fan et al., 2005, 2007; Neuhaus et al.,
2010).
While the above results demonstrate the utility of the
ANT to elucidate the presence of the three neural attentional
networks, no published studies to date have examined the neural
correlates of the ANT in older adults. Additionally, although
a growing body of behavioral literature suggests age-related
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impairments in each attentional network, findings are mixed and
often confounded by generalized slowing in older participants.
Consequently, the primary aim of the current study was to
use ERPs to supplement behavioral data to determine whether
significant between-group neural differences are observed in the
presence-and/or absence of significant behavioral deficits, as well
as if neural correlates are more closely associated to behavioral
findings that are corrected for generalized slowing than when
uncorrected. Guided by prior electrophysiological findings of
Neuhaus et al. (2007, 2010), ERP components of interest
included the posterior N1 (for alerting and orienting networks),
and parietal P300 (executive control network) components,
which are presumed to reflect phasic alerting, orienting of




Participants included 19 young (12 females, 7 males; mean
age 22.9 ± 4.0 years) and 16 older (8 females, 8 males;
mean age 64.8 ± 8.0 years) adults recruited from the
community through local advertisements. All participants were
right-handed, native-English speakers, and had normal or
corrected-to-normal vision. Groups were matched for gender,
χ2(1) = 0.62, ps > 0.43. Although older adults reported
a higher mean level of educational attainment than young
adults, t(33) = −2.70, p < 0.02, education did not correlate
with ANT RT, error-rates, or ERP amplitudes collapsed
across conditions (p’s > 0.052). Education was significantly
correlated with Stroop performance, r(34) = 0.49, p < 0.003,
however, this measure is typically only corrected for age
and not education in standard clinical practice. Exclusion
criteria included presence of psychiatric illness, learning
disability, probable dementia or global cognitive impairment (as
determined by a MMSE score <25), neurological disorders, and
motor difficulties that would interfere with task performance. All
participants provided written informed consent in accordance
with procedures established by the University of Florida
Health Science Center Institutional Review Board, and received
course credit or financial compensation for their study
participation.
Procedures
Cognitive and Emotional Assessment
Participants completed the following neuropsychological tests:
Mini-Mental State Exam (MMSE; Folstein et al., 1975), Trail
Making Test A and B (TMT; Reitan and Wolfson, 1995), Digit-
Symbol Coding from the Wechsler Adult Intelligence Scale,
3rd Edition (WAIS-III; Wechsler, 1997), and Stroop Color and
Word Test (ST; Golden, 1978). The Beck Depression Inventory-
Second Edition (BDI-II; Beck, 1996), Geriatric Depression Scale
(GDS; Yesavage et al., 1983), State-Trait Anxiety Inventory
(STAI; Speilberger et al., 1983), and modified Apathy Scale (AS;
Starkstein et al., 1992), were used to measure symptoms of
depression, anxiety, and apathy, respectively. Demographic and
neuropsychological characteristics of participants are presented
in Table 1.
Cognitive Task and Stimuli
Participants completed a computerized experimental task
identical to the procedure used by Fan et al. (2002), as
depicted in Figure 1. Stimuli were programmed and presented
using E-Prime (v.1.0, Psychology Software Tools, Inc.,). Briefly,
individuals were instructed to focus on a centrally located
fixation cross throughout the procedure, and to determine as
TABLE 1 | Demographic and neuropsychological data for young and older participant groups.
Young Adults Older Adults Analysis
Mean SD Mean SD t p Cohen’s d
Age (years) 22.95 4.0 64.81 8.0 −20.02 <0.001 6.81
Educational level (years) 15.05 1.2 17.13 3.1 −2.70 0.011 0.92
BDI-II score 3.05 3.2 2.88 3.0 0.16 ns 0.05
f GDS score 1.79 2.4 0.94 1.3 1.26 ns 0.43
STAI—State score 26.79 5.2 27.56 7.2 −0.37 ns 0.12
STAI –Trait score 31.10 7.3 28.50 5.2 1.20 ns 0.40
Apathy Scale score 8.10 4.8 8.81 4.6 −0.47 ns 0.15
MMSE Score 28.95 1.0 28.69 1.3 0.69 ns 0.23
Stroop Test—Word-reading 99.26 12.3 107.06 17.4 −1.55 ns 0.53
Stroop Test—Color-naming 74.37 9.0 77.50 13.8 −0.81 ns 0.27
Stroop Test—Color-word 45.31 10.1 46.19 13.4 −0.22 ns 0.08
Stroop Test—Interference 2.99 8.8 1.51 9.3 0.48 ns 0.16
Digit symbol coding (# correct) 89.89 13.1 72.87 11.6 3.95 <0.001 1.38
TMT—Part A (sec) 22.16 4.1 31.06 9.8 −3.61 0.001 1.22
TMT—Part B (sec) 50.53 18.2 67.81 27.9 −2.20 0.035 0.75
TMT—Part B minus Part A (sec) 28.37 16.9 36.75 22.2 −1.27 ns 0.43
BDI-II, Beck Depression Inventory—Second Edition; GDS, Geriatric Depression Scale; STAI, State-Trait Anxiety Inventory; MMSE, Mini-Mental State Exam; TMT, Trail
Making Test.
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FIGURE 1 | Experimental procedure. (A) The four cue conditions, in which the asterisk cue (∗) provides information about the presence (center and double cue) or
location (spatial cue) of the upcoming target stimuli; (B) The six target stimuli used in the present experiment; and (C) An example trial (spatial cue—incongruent
target stimuli). Adapted from Fan et al. (2002).
rapidly and accurately as possible whether the target probe, a
central arrow, located above or below central fixation pointed
left or right. In addition to varying target locations, on 75%
of trials the target probe was preceded by different types of
cues, and on 67% of trials the target probe was accompanied
by congruent or incongruent flankers (which were equally
frequent). The task utilized two target locations (above or
below central fixation), two target directions (left or right),
four cue conditions (no-cue, center-cue, double-cue and spatial-
cue), and three flanker conditions (congruent, incongruent, or
neutral), yielding 48 different types of trials. Each trial lasted
∼4000 ms and consisted of five events: (1) random variable
pre-cue fixation (400–1600 ms); (2) warning cue presentation
(100 ms); (3) post-cue fixation (400 ms); (4) target and flanker
presentation (self-terminating up to 1700 ms); and (5) post-
target fixation (3500 ms minus duration of pre-cue fixation
minus RT). Participants completed a 24-trial practice block,
followed by 3-experimental blocks of 96 pseudo-random trials
(2 target locations × 2 target directions × 2 repetitions ×
3 flanker conditions × 4 cue conditions). Accuracy and RT
feedback were provided to participants only during the practice
block.
Electrophysiological Data Acquisition and Reduction
Electroencephalogram (EEG) was recorded from 64 scalp
sites using a geodesic sensor net and Electrical Geodesics,
Inc., (EGI; Eugene, Oregon) amplifier system (20 K gain,
nominal bandpass = 0.10–100 Hz). Reported electrode sites
have been renamed from the 64-channel geodesic sensor net
to conform to the international 10–10 positions. Electrode
placements enabled recording vertical and horizontal eye
movements reflecting electro-oculographic (EOG) activity. EEG
was digitized continuously at 250 Hz with a 16-bit analog-
to-digital converter and referenced to Cz. A right posterior
electrode served as common ground, and electrode impedances
were maintained below 50 kΩ, consistent with manufacturer
recommendations. Following recording, EEG data were adjusted
for movement, electromyographic muscle artifact, electro-
ocular eye movement, and blink artifacts using spatial filtering
methods implemented through Brain Electric Source Analysis
(BESA v5.1; Scherg, 1990). Single-trial EEG epochs were
excluded from the averaging using threshold criteria that
maximized the number of trials accepted from each individual,
following the recommendations of Luck (2005). The average
voltage threshold used for excluding trials was 113.86 µV
Frontiers in Aging Neuroscience | www.frontiersin.org 4 May 2016 | Volume 8 | Article 99
Kaufman et al. Age and Attention Networks
(SD = 16.89), and voltage threshold did not significantly
differ between groups, t(33) = 1.46, p = 0.16. Point-to-point
transitions were not allowed to exceed 75 µV. Individual-
subject per condition EEG epochs were separately extracted
and averaged across trials from the continuous EEG recording,
with epochs lasting 1600 ms (300 ms pre-cue to 800 ms
post-probe including 400 ms cue-offset–probe-onset interval).
Cue-locked target ERP components were examined to observe
the sustained effects of cue on subsequent target processing,
in replication of methods used previously (Neuhaus et al.,
2010). All averaged ERP epochs were digitally filtered at
30 Hz low-pass and baseline-corrected using respective pre-
stimulus windows. Peak voltage values for target-related N1
amplitude were measured bilaterally over posterior parietal
scalp sites (10–10 system equivalents = P9, PO7, PO8, P10)
between 176–216 ms post-target onset. Because of group-
related latency differences apparent in P300 grand-average
waveforms, ERPs were scored such that mean P300 amplitude
was measured from 380–410 ms for young adults and
500–530 ms for older adults at central-posterior electrode
sites (10–10 equivalents = CPz, Pz, and POz), averaged 30-
ms symmetrically about the peak. The scoring windows for
each group were determined by identifying the maximum peak




Statistical analyses were carried out with JMP 7.0.2 (SAS
Institute Inc., Cary, NC, USA). Attention network effects and
neuropsychological variables were analyzed using one-way
mixed-model restricted maximum likelihood analyses of
variance (REML ANOVAs; Wolfinger et al., 1994). Median
correct-trial RT (Ratcliff, 1993) and arcsine transformed
commission-error rates, excluding non-responses (Neter
et al., 1985), were analyzed separately using 2-Group
(young adults, older adults) × 3-Flanker type (incongruent,
neutral, congruent) × 4-Cue type (no, spatial, double, and
center) mixed-model REML ANOVAs. In order to follow
up on these ANOVA results, attention network effects
were calculated using the following cognitive subtractions:
alerting effect = no-cue RT minus double-cue RT; orienting
effect = center-cue RT minus spatial cue RT; executive control
(conflict) effect = incongruent RT minus congruent RT.
For ANOVA factors that differed by group, independent
t-tests were used to compare attentional network effects
between young and older adults. Additionally, to examine
whether condition-related RT effects were artificially
created due to generalized slowing experienced by older
adults, we calculated a z-score transformation of each
participant’s RT by taking the mean over all conditions
for a given individual, subtracting his/her condition mean
from the overall mean, and dividing by the overall standard
deviation across the overall mean. This method has been
proven effective in identifying age-related cognitive effects
independent of global slowing (Bush et al., 1993; Faust et al.,
1999; Jennings et al., 2007). Finally, split-half reliabilities
for each network effect were calculated by correlating
data from the first and second halves of trials within each
network.
ERP Data
In a manner parallel to the behavioral data, ERP activity
from attention networks was analyzed using REML
ANOVAs, which included the following factors: Group
× Channel (N1 analyses = 10–10 equivalents P9, PO7,
PO8, P10; P3 analyses = 10–10 equivalents CPz, Pz, and
POz), × Condition (either double cue and no cue, spatial
cue and center cue, or congruent probe and incongruent
probe, depending on the attention network being analyzed).
Selection of electrode sites for analyses of electrophysiological
data was based on evaluation of the scalp-distribution
maps in which N1 and P300 amplitudes were maximal.
Interaction effects were decomposed using least-square
means contrasts; and Cohen’s-d effect sizes (Cohen, 1988)
were calculated using pooled standard deviations for
group and/or condition-related effects. ANOVAs were
then followed up with the calculation of attention network
effects, using the same paired subtractions that were used
to generate the behavioral attention network effects. ERP
network effects were derived using the following cognitive
comparisons: alerting N1 effect = double-cue amplitude
− no-cue amplitude; orienting N1 effect = spatial cue
amplitude − center-cue amplitude; executive control P3
(‘‘conflict’’) effect = congruent amplitude − incongruent
amplitude. Group differences on these ERP network
effects were analyzed using independent t-tests. Mean
amplitudes for ERP network effect were then correlated




A Group × Flanker type × Cue type ANOVA on correct-
trial median RTs revealed a significant main effect of group,
F(1,33) = 38.75, p < 0.0001, reflecting the expected pattern of
generalized slowing in older adult participants. As expected,
a significant main effect of flanker type, F(2,363) = 832.73,
p < 0.0001, was also observed, reflecting increased slowing
when faced with incongruent flankers. Participants responded
more quickly as cue types became more informative (no
cue RT < center cue RT < double cue RT < spatial cue
RT), as evidence by a significant main effect of cue type,
F(3,363) = 137.96, p < 0.0001. Additionally, a significant
Group × Flanker type interaction, F(2,363) = 4.59, p < 0.02,
indicated that older adult participants responded significantly
more slowly compared to neutral trials for both congruent
and incongruent stimuli, whereas young adults only displayed
slowing compared to neutral stimuli for incongruent target
conditions. A Group × Cue-type interaction, F(3,363) = 5.20,
p < 0.002, indicated that older adults did not benefit from
center cues as much as young adults. Flanker type × Cue
Frontiers in Aging Neuroscience | www.frontiersin.org 5 May 2016 | Volume 8 | Article 99
Kaufman et al. Age and Attention Networks
type, F(6,363) = 1.47, p = 0.19, and Group × Flanker type
× Cue type, F(6,363) = 1.54, p = 0.16, interactions were not
significant.
Attention network difference scores revealed significant RT
differences between groups for alerting (Young = 46 ± 25 ms;
Older = 18 ± 32 ms), F(1,33) = 7.69, p < 0.01, orienting
(Young = 43 ± 27 ms; Older = 87 ± 32 ms), F(1,33) = 19.81,
p < 0.0001, and executive control (Young = 117 ± 22 ms;
Older = 135 ± 29 ms), F(1,33) = 4.32, p < 0.05, effects. However,
after normalization of RT data to account for generalized slowing
experienced by older adults using z-score transformations,
significant group differences remained only for the alerting effect,
F(1,33) = 8.02, p < 0.01. In other words, young adults responded
faster following alerting cues, but older adults did not—even
after controlling for group differences in overall speed. Group
differences in the orienting effect, F(1,33) = 0.39, ps > 0.53, and
conflict effect F(1,33) = 2.39, ps> 0.13, were no longer significant
following normalization to control for generalized slowing.Mean
attention network effects, z-score transformed attention network
effects, and correct-trial median RT data for both groups as
a function of flanker type and cue type are summarized in
Table 2.
Split-half reliabilities on RT data revealed that the conflict
effect had the highest internal consistency (r(33) = 0.41, p< 0.05),
followed by alerting (r(33) = 0.37, p < 0.05) and orienting
(r(33) = 0.29, p= 0.09) effects.When analyzed separately by group,
network reliabilities were much lower for older adults than
young. Young adults had significant split-half reliabilities for the
conflict (r(17) = 0.54, p< 0.05) and alerting (r(17) = 0.48, p< 0.05)
networks, while older adults had no significant reliabilities
within networks. Alerting and conflict effects were significantly
correlated in younger adults (r(17) = −0.50, p < 0.05), but
no other cross network correlations were significant for task
RT.
Regarding task performance accuracy, a Group × Flanker
type × Cue type ANOVA revealed a significant main effect
of flanker type, F(2,363) = 36.56, p < 0.0001, reflecting the
expected larger error-rates on incongruent than congruent trials.
A significant main effect of cue type F(3,363) = 4.26, p< 0.006, was
also observed, indicating greater accuracy to targets following
spatial cues. The group main effect, F(1,33) = 0.30, p = 0.59, and
Group × Congruency interaction, F(2,363) = 2.84, ps > 0.06,
were not significant, suggesting equal task performance across
groups regardless of task difficulty. Finally, a significant Group
× Flanker type × Cue-type, F(6,363) = 2.17, p < 0.05, revealed
that spatial cuing improved accuracy on incongruent trials
for young, but not older adults. This finding reveals that
conflict processing is improved following spatial cues for young
adults only, and may suggest that older adults fail to benefit
fully from spatial cueing when increased conflict is present.
With regard to task accuracy, attention network difference
scores did not differ as a function of group, which is likely
attributable to the low error rates seen in both groups. Of
additional note, a negative correlation was observed between
alerting effect RT and alerting effect error rate for young adults
(r(17) = −0.61, p < 0.01), suggesting that they exhibited a
speed-accuracy tradeoff when engaging the alerting network.
This effect was not seen in older adults (r(14) = −0.25,
ps> 0.35).
ERP Components
As shown in Table 3, the average number of trials included
in ERPs did not differ significantly between groups for target
N1 alerting and orienting components. However, older adults
had more trials included in the target P300 conflict component
relative to younger adults.
Target N1 Alerting Effect (Double-cue vs.
No-cue)
Occipito-parietal waveforms illustrating grand average ERP
waveforms for the alerting effect are shown in Figure 2. The
Group × Condition × Channel ANOVA yielded significant
main effects of group, F(1,33) = 10.20, p = 0.0031, channel,
F(3,231) = 6.47, p = 0.0003, and condition, F(1,231) = 8.96,
p = 0.0031. A significant Group × Channel interaction,
TABLE 2 | Mean (± SD) attention network effects (RT), Z-score transformations for attention network effects, and arcsine transformed error rates as a
function of flanker-type and group.
Young Adults Older Adults Analysis
Mean SD Mean SD t p Cohen’s d
Mean RT (ms) 485.16 44.9 646.44 109.6 −5.87 <0.001 1.99
Alerting effect (ms) 46.29 24.9 17.78 32.1 2.77 0.009 1.00
Orienting effect (ms) 43.08 27.0 87.41 31.9 −4.45 <0.001 1.51
Conflict effect (ms) 117.29 22.3 135.41 29.2 −2.08 0.050 0.71
Z-score RT transformations
Alerting effect 0.68 0.34 0.27 0.50 2.83 0.008 0.98
Orienting effect 0.65 0.40 0.76 0.62 −0.63 0.540 0.21
Conflict effect 1.64 0.36 1.39 0.58 1.54 0.140 0.53
Mean error rates (%) 6.20 12.4 5.40 10.5 −0.73 ns 0.07
Congruent 1.90 6.0 2.40 7.0 0.46 ns 0.08
Incongruent 13.70 16.6 9.60 13.3 −1.59 ns 0.27
Neutral 3.00 8.1 4.20 8.8 0.79 ns 0.14
Alerting, no cue (RT) minus double cue (RT); Orienting, center cue (RT) minus spatial cue (RT); Conflict, incongruent (RT) minus congruent (RT).
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TABLE 3 | Mean (± SD) number of ERP segments comprising each component, as a function of group.
Young Adults Older Adults Analysis
Mean SD Mean SD t p Cohen’s d
ERP Component
Target N1 Alerting 43.82 10.24 49.66 9.87 −1.71 0.10 0.59
Target N1 Orienting 44.50 10.97 49.53 9.73 −1.42 0.16 0.49
Target P300 Conflict 57.95 13.04 68.63 11.62 −2.53 0.02 0.88
F(3,231) = 4.04, p = 0.0079, indicated that voltages did
not significantly differ between any channels for older
adults, however, young adults demonstrated significantly
greater voltage fluctuations between channels. A Group ×
Condition interaction, F(1,231) = 15.07, p < 0.0001, revealed
that young adults demonstrated larger N1 amplitude for
double cues relative to no cue, t(18) = 1.90, p = 0.001,
d = 0.90, while older adults showed no difference between
these two cue conditions, t(15) = −0.25, ps > 0.54. Attention
network difference scores calculated from peak amplitudes
supported these ANOVA results with significant N1 alerting
amplitude differences between groups, Young = −2.58 ± 2.62
µV; Older = 0.17 ± 1.35 µV, t(33) = 3.99, p < 0.001,
suggesting that young adults demonstrated a strong
alerting effect on N1 amplitude, while older adults did
not.
Target N1 Orienting Effect (Spatial-cue vs.
Center-cue)
Occipito-parietal waveforms illustrating grand average ERP
waveforms for the orienting effect are shown in Figure 3. The
Group × Condition × Channel ANOVA yielded significant
main effects of group, F(1,33) = 14.22, p = 0.0006, condition,
F(1,231) = 8.35, p = 0.0042, and channel, F(3,231) = 3.59,
p < 0.015. The main effect of group reflected significantly
smaller N1 amplitude in older compared to young adults,
while increased amplitude to spatial vs. center cue was
revealed in the main effect of condition. The effect of channel
revealed greatest amplitude at PO7 and smallest amplitude at
P10. No significant interactions were observed (ps > 0.09).
Furthermore, attention network difference scores calculated
from peakN1 orienting amplitudes revealed no group differences
(p> 0.09).
Target P300 Conflict Effect (Congruent vs.
Incongruent)
Parietal waveforms illustrating conflict-related target processing
are illustrated in Figure 4. The Group × Condition × Channel
ANOVA yielded significant main effects of group, F(1,33) = 11.90,
p = 0.0016, condition, F(1,165) = 39.32, p < 0.0001, and
channel, F(2,165) = 4.02, p < 0.02. The main effect of group
reflected significantly smaller P300 amplitude collapsed across
target conditions in older compared to young adults, while
reduced amplitude to incongruent vs. congruent cue was
revealed in the main effect of condition. The effect of channel
revealed greatest amplitude at CPz and smallest amplitude at
FIGURE 2 | Grand average event-related potential (ERP), waveforms of cue- and probe-locked double and no cue trials, revealing group differences
on alerting effects on target-related N1 amplitudes (channel PO7).
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FIGURE 3 | Grand average ERP waveforms of cue- and probe-locked spatial and center cue trials, revealing similar orienting effects on
target-related N1 amplitudes between groups (channel PO7).
POz. No significant interactions were observed (ps > 0.37).
Additionally, attention network difference scores calculated from
peak P300 conflict amplitudes revealed no group differences
(p> 0.90).
Relationships Between Behavioral and
ERP Attention Network Effects
Mean N1 alerting amplitude taken from the channel with
maximal amplitude (PO7) was not correlated with RT alerting
effects (no cue − double cue), but N1 alerting amplitude
was significantly correlated with performance on Digit Symbol
Coding (r(33) = −0.50, p < 0.01), Trails A (r(33) = 0.52,
p = 0.001), and Trails B (r (33) = 0.42, p = 0.01). Mean N1
orienting amplitude (taken from PO7) was not correlated with
RT orienting effects (center cue − spatial cue) or any other
neuropsychological variables. Mean P300 conflict amplitude
(taken from Pz) was not correlated with RT conflict effects
(incongruent − congruent) or any other neuropsychological
variables.
DISCUSSION
This study employed behavioral measures and high-density
ERPs to probe age-related changes in the functioning of
three attentional networks (alerting, orienting, and executive
control). After controlling for effects of generalized slowing,
only the alerting network remained significantly different
in older compared with young adults, as suggested by
limited facilitation of RT when provided with a double cue
compared to no cue. With respect to ERP correlates of
alerting, double cues significantly enhanced target-related
N1 amplitude relative to the no-cue condition in young
adults, consistent with prior findings of enhanced early
attentional processing of targets following alerting cues
(Neuhaus et al., 2010). While this N1 alerting effect was
pronounced in younger adults, it was completely absent in
older adults. These results support prior findings that early
attentional processes reflected in the N1 are attenuated in
older adults (Ford et al., 1995; Golub et al., 2001). Even more
importantly, N1 alerting amplitude during the ANT was
correlated with performance on three neuropsychological
measures of controlled attention (i.e., Digit-Symbol Coding,
Trails A and B) that differentiated older and younger adults.
These findings reveal a unique vulnerability of the alerting
network in aging, and suggest that compromised alerting in
older adults is associated with broader difficulties in controlled
attention.
While older adults demonstrated difficulty in using alerting
cues to prepare for subsequent events, they were not impaired in
their ability to use spatially informative cues to aid performance
(orienting), or in their ability to successfully resolve response
conflict (executive control). These results parallel the findings
of other studies (e.g., Jennings et al., 2007; Gamboz et al., 2010)
that also found age-related declines in the alerting network but
intact functioning in other networks, after generalized slowing
was taken into account. With regard to performance accuracy,
both young and older participants committed significantly more
errors during themore difficult incongruent flanker condition vs.
neutral and congruent conditions. However, error rates did not
significantly differ between groups, suggesting that older adults
successfully inhibited strong prepotent response tendencies as
well as their younger peers. Despite this, there were group
differences in the relationship between error rate and response
time for the alerting effect. While young adults adopted a strong
speed-accuracy tradeoff when engaging the alerting network,
older adults did not show this tendency. This finding is consistent
with prior research on the speed-accuracy tradeoff in aging
(Forstmann et al., 2011), which has suggested that older adults
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FIGURE 4 | Grand average ERP waveforms of target-locked congruent and incongruent trials, revealing similar conflict effects on target-related
P300 amplitudes between groups (channel Pz).
may have difficulty speeding up their response tendencies due
to disrupted brain connections (particularly in corticostriatal
pathways).
Regarding ERP correlates of visual orienting of attention,
spatial cues were found to significantly enhance N1 amplitude
vs. center cues in both young and older adult participants.
Both groups appeared to engage neural processes underlying
the orienting of attention and subsequent processing of
target information equally well. These results also imply
that valid cueing was beneficial and had a lasting effect on
subsequent processing of target stimuli, a result consistent
with other ERP examinations of the ANT demonstrating
enhanced N1 during attentional orienting (Neuhaus et al.,
2010), as well as studies of orienting of visual attention
which found similar enhancements in N1-like posterior
negativities following validly-cued target stimuli (Harter et al.,
1989; Hopf and Mangun, 2000; Nobre et al., 2000; Talsma
et al., 2005). Such results also suggest that although older
adults may demonstrate less efficient response preparation
as evidenced by reduced alerting, they are still able to shift
attentional resources under the guidance of spatially informative
cues.
Finally, examination of target-related conflict P300 revealed
that both young and older adults showed significant and
equivalent P300 amplitude reductions to incongruent vs.
congruent target stimuli. Older adults did show reduced
P300 amplitudes overall, as has been shown previously
(e.g., Fjell and Walhovd, 2001); however, this group effect
did not interact with target congruency. Thus, older adults
engaged similar mechanisms of conflict processing and
their cortical systems underlying inhibitory processes were
relatively intact. Whereas this study is to the best of our
knowledge the first to employ ERPs to examine the ANT
in older adults, our young adult data support recent ERP
studies of the ANT that have demonstrated P300 reductions
to incongruent vs. congruent target stimuli (e.g., Neuhaus
et al., 2007, 2010). Similar congruency effects have been
observed in Stroop paradigms (Zurrón et al., 2009), which
have been interpreted in the context of well-replicated
reductions in posterior P300 amplitude as task difficulty
increases (Polich, 1987; Katayama and Polich, 1998).
Given these consistent findings across different paradigms,
it appears that reductions in P300 amplitudes reflect a
disrupted allocation of attention that is associated with
processing incongruent stimuli relative to congruent stimuli.
Importantly, our findings suggest that congruency effects
on P300 amplitudes are present in both young and older
adults.
Taken together, our findings revealed significant behavioral
and neural alterations of the alerting network in older adults.
Cues designed to facilitate an alerting response were less effective
in older than young adults. While alerting cues enhanced
subsequent ERP reflections of attentional processing in younger
adults, older adults did not show this effect. In fact, reductions
in the N1 alerting effect in older adults help to account for
broader age-related neuropsychological declines in attention.
By contrast, ERP correlates of orienting and executive control
networks reflected generalized amplitude reductions consistent
with normal aging. These novel findings reveal that aging does
not impact all networks of attention equally, but is uniquely
associated with impairments in attentional alerting.
With regard to study limitations, the version of the ANT
used in this study did not include an ‘‘invalid’’ spatial
cueing condition, which would have enabled us to examine
the full complement of engagement and disengagement of
attentional orienting. Thus, we cannot interpret our results
in terms of potential age-related deficits in disengagement
(c.f., Shulman et al., 2010). Recently, several investigators have
included invalid cues in their ANT paradigms, and have
noted both beneficial and detrimental effects on the ability to
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overcome response conflict following valid and invalid cues,
respectively (e.g., Fan et al., 2009). Specifically, whereas valid
cues likely enhance prepotent stimulus processing and effective
shifting (i.e., orienting) of attention, invalid cueing conditions
likely require the re-direction of attentional processes and the
use of additional resources for conflict resolution. Consequently,
future studies should investigate the differential effects of cue-
validity on early ERP components, which have been found to
be differentially sensitive to the effects of valid and invalid
cueing conditions (e.g., Wright et al., 1995; Talsma et al., 2005).
Similarly, the use of vertical, rather than lateralized cueing may
have obscured orienting effects, as evidenced by small N1 to
the spatial vs. center-cue conditions. Future ERP studies of
orienting may benefit from use of lateralized attention network
paradigms used in previous behavioral studies (e.g., Greene et al.,
2008).
A broader problem associated with the ANT is the use
of cognitive subtractions. For example, the alerting effect is
typically assumed to reflect a contrast between two similar
cognitive states that are differentiated only by cues. However,
the condition in which no cue is provided may create
additional difficulty for participants, as they do not know
which type of stimulus will be presented next (Galvao-
Carmona et al., 2014). By contrast, the appearance of the
double cue removes uncertainty about the upcoming stimulus,
particularly when these cues are always valid. Thus, a differential
cognitive load may develop and interact with participant
expectations during these trials, rendering a simplistic cognitive
subtraction inadequate. In the current study, the additional
analysis of ERP correlates in a factorial design produced
ANOVA results that supported the findings of the cognitive
subtractions, suggesting that the observed alerting effects
cannot be dismissed as a simplistic comparison of two
conditions.
An additional limitation was that our sample size was
relatively small, which may have introduced variability and
influenced our ability to detect significant differences. Finally,
both groups of participants performed the task with very high
accuracy. The near-ceiling performance accuracy precludes our
ability to examine task errors on the ANT more fully, given
their low frequency and non-normal distribution. Insufficient
numbers of trials also hindered our ability to separately examine
the neural reflections of each congruency condition as a
function of cue condition. Instead, target congruency had to
be collapsed across conditions in order to observe the effects
of cue, which may have masked potentially meaningful insights
about the interactions between cues and subsequent attentional
targets.
SUMMARY AND CONCLUSIONS
The current study examined age-related differences on the
behavioral and neural correlates of three attentional networks
(alerting, orienting, and executive control). Results revealed
significant behavioral and ERP alterations in the alerting
system of healthy older adults, even after controlling for
generalized slowing and amplitude reductions. It appears
that older adults had selective difficulty engaging the
alerting network of attention, which prevented efficient
facilitation of attention and subsequent responding. However,
there is good news for those feeling ‘‘antsy’’ about age
effects on attentional networks, as older adults did not
exhibit behavioral or neural differences in orienting and
executive control networks. As such, older adults may
not be as efficiently alerted to upcoming information, yet
they are equally capable in other aspects of attentional
function. As the world’s population ages, these results
have important implications for our understanding of
healthy aging.
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